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The latest results on the direct experimental search for a Standard Model Higgs boson decaying to a pair of Z 
bosons are presented. Three distinct final states are considered: H ZZ^*^ Utl, H ^ ZZ ^ Uvv, and 
H — ZZ — > Uqq, where £ = e,/i. A dataset of more than lfb~^ of proton-proton collisions at ^/s = 7 TeV 
collected by the ATLAS detector at the CERN LHC during the on-going 2011 run is used. In this model and 
for these final states, Higgs boson masses in the ranges 192 GeV < mu < 196 GeV, 214 < mu < 222 GeV, and 
340 < mil < 460 GeV have been excluded at the 95% confidence level. 



1. Introduction 

One of the top quests of science today is to un- 
derstand the mechanism responsible for electroweak 
symmetry breaking and the generation of mass in el- 
ementary particles. The search for the Higgs boson, 
one possible solution to this quest, is one of the most 
important goals of the Large Hadron Collider (LHC) 
physics program and for the ATLAS (A Toroidal LHC 
Apparatus) detector-experiment at CERN [T]. Di- 
rect searches by CERN's LEP collider experiments 
and the CDF and DO experiments at the Fermilab 
Tevatron have resulted in Higgs boson exclusion lim- 
its for Higgs masses lower than 114.4 GeV and be- 
tween 158 GeV and 175 GeV [[2], [3]]. Since 2010, the 
LHC has been delivering proton-proton collisions at a 
center of mass energy of 7 TeV corresponding to an 
integrated luminosity of 48 pb~^ (in 2010) and 2.55 
fb-i (by mid- August 2011) collected by the ATLAS 
experiment (Figure [T]). These data have been used to 
search for a Standard Model Higgs boson in a variety 
of final states. 

A summary of the sensitivity for three distinct fi- 
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Figure 1: Total integrated luminosity recorded by the 
ATLAS experiment by mid-August, 2011. 



nal state channels are considered in this paper, H — > 
ZZ(*) ^ mt, H ^ ZZ ^ Uw, and H ZZ 
i£qq, where £ = e, /i. As the direct search for Higgs 
bosons in data have not been observed, upper limits 
are set on the Higgs boson cross section relative to 
the Standard Model cross section at the 95% CL us- 
ing the CLs modified frequentist formalism [Jj with 
the profile likelihood test statistic [5]. 

2. The ATLAS Experiment at the LHC 

The ATLAS detector is one of two multi-purpose 
detectors at the LHC; it is built with a forward- 
backward symmetric cylindrical geometry and de- 
signed to study high energy proton-proton collisions. 
The Inner Detector (ID) consists of a silicon pixel de- 
tector, a silicon microstrip detector, and a transition 
radiation tracker. The ID is surrounded by a thin 
superconducting solenoid, which produces a 2 T mag- 
netic field. A high-granularity liquid argon (LAr) sam- 
pling calorimeter measures the energy and position 
of electromagnetic showers. An iron-scintillator tile 
calorimeter provides hadronic coverage in the central 
rapidity range. The forward rapidity regions are in- 
strumented with LAr calorimetry for both electromag- 
netic and hadronic measurements. The muon spec- 
trometer surrounds the calorimeters and consists of 
three large superconducting toroids, each with eight 
coils, a system of precision tracking chambers, and 
detectors for triggering. A three-level trigger system 
selects events to record for use with offline analyses. 



3. Results 

At the LHC, the Higgs boson is produced via sev- 
eral processes, among which, the most important are 
gluon-gluon fusion, vector-boson fusion, and associ- 
ated production. Gluon-gluon fusion is the dominant 
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cross section for Higgs boson masses up to 1 TeV. 
Higgs decay depeneds on its mass. In the following 
sections, different channels are presented for differing 
masses. 



3.1. if ^ 



3.1 .1 . Event Selection 

Standard Model Higgs decay into four leptons is 
characterized by a final state, which consists of two, 
same flavour and oppositely charged, isolated lep- 
ton pairs. The Higgs boson searches for this final 
state was performed with electrons and muons for 
Higgs masses between 110 GeV and 600 GeV. De- 
pending on the mass of the Higgs boson, one ex- 
pects that there is at least one di-lepton pair with 
an invariant mass that is consistent with the mass 
of the on-shell Z boson. Kinematic cuts are applied 
to suppress contributions from reducible backgrounds: 
Z-|-jets and tt both of which can be suppressed with 
isolation/impact parameter cuts; and an irreducible 
background: ZZ -> 4f . 

3.1.2. Background Estimation 

The shape and normalization of the expected back- 
grounds have been confirmed by a comparison of MC 
simulated event samples and the observed event yield 
in the data. ZZ production was normalized to MC ex- 
pectation, including both qq/gq — >■ ZZ and gg — >■ ZZ . 
An integrated luminosity uncertainty of 3.7% and the- 
ory uncertainty of 15% is associated with the normal- 
ization. Top production is normalized to MC epecta- 
tion and verified in the control region, with an asso- 
ciated theory normalization uncertainty of 10%. Nor- 
malization of Z+jets production is done using control 
regions where Z{^ £i) + /i/i/ee without applying iso- 
lation or impact parameter requirements. Separate 
components, like heavy flavour, fakes, electroweak are 
taken into consideration and the normalization is ex- 
trapolated to the signal region with an uncertainty of 
20% - 40%. 



3.1 .3. Exclusion Limit 

The search in this channel is sensitive to low and 
high Higgs masses with expected limit being at least 
1.05 times the SM rate for a luminosity (dependent 
upon the final state) between 1.96 fb~^ and 2.28 fb~^. 
Exclusion limits at the 95% confidence level are set 
with respect to the SM cross section rate for Higgs 
masses in the regions from 192 GeV to 196 GeV and 
214 GeV to 222 GeV (Figure [2]). 
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Figure 2: Excluded signal cross section with respect to 
the SM rate at the 95% CL for H ^ ZZ ^ UU. 




3.2. H ^ ZZ ^ 



3.2.1. Event Selection 



Higgs searches were also performed in the Uvv 
channel for masses between 200 GeV and 600 GeV. 
In this channel, the signal is characterized by one 
pair of oppositely charged, same fiavour leptons with 
an invariant mass consistent with the on-shell Z bo- 
son and a large missing transverse energy (MET) 
from the two neutrinos in the final state. Back- 
grounds in this final state include top/di-boson pro- 
duction and H — > WW — > ivtv, an orthogonal final- 
state Higgs search channel. Some of the cuts ap- 
plied to reduce contributions from background in- 
clude MET requirements, azimuthal angle separa- 
tion between combinations of leptons, Z, MET, or 
jets. The final discriminant used is the transverse 
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3.2.2. Background Estimation 

Comparison of MC simulated event samples with 
the observed event yield in the data show no devia- 
tions from the SM background-only expectations. Di- 
boson backgrounds were taken from MC and have an 
associated uncertainty of ~10%. The top background 
expectation was taken directly from data. Data driven 
methods were used for Vl^-l-jets background, taken 
from from same-sign lepton pairs, and QCD, which 
had generally small contributions. 

3.2.3. Exclusion Limit 

This channel is sensitive in a wide mass range, with 
expected limits between 1.2 and 7 times the SM cross 
section rate for an accumulated luminosity of 1.04 
fb^^. Exclusion limits with respect to the SM pro- 
duction rate are set at the 95% confidence level for 
Higgs masses from 340 GeV to 460 GeV. (Figure [3| . 
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Figure 3; Excluded signal cross section with respect to 
the SM rate at the 95% CL for H ^ ZZ ^ Uvv. 

3.3. H ^ zz ^ eeqq 

3.3.1. Event Selection 

Higgs searches were performed with the ££qq chan- 
nel, where i = e, ii and were performed for Higgs 
masses between 200 GeV and 600 GeV. Similar to the 
other channels, the signal in this channel is character- 
ized by a same-flavour pair of isolated leptons with an 
invariant mass consistent with the on-shell Z boson 
and a pair of jets whose invariant mass is also consis- 
tent with an on-shell Z boson. Requirements on the 
number of b-tagged jets (b-tags), like azimuthal angle 
separation between two leptons or two jets, and high 
Pt thresholds for leptons and jets are applied to re- 
duce background contributions from Z-|-jets, tt, and 
di-boson production. The final discriminant used in 
this channel is the ££jj invariant mass where rujj is 
scaled to mz- 

3.3.2. Background Estimation 

Background estimation, like in other channels, is 
done with a mix of MC normalization and data-driven 
methods. Z-|-jets is taken care of using the sidebands 
of mu in bins of b-tags; an uncertainty of < 10% 
is associated with un-tagged events (0, 1 b-jets) and 
~ 20% for tagged events (2 b-jets). Top expectation 
is also taken from mu sidebands and has an asso- 
ciated uncertainty of ~ 10% from theory. Di-boson 
backgrounds are taken from MC and have an associ- 
ated uncertainty of ~ 10%. The QCD background is 
estimated from data-driven methods - a background 
template is designed for ee and a 2D sideband method 
using isolation and the invariant mass of the fi pair is 
used for fifj,, contributions are generally small. 

3.3.3. Exclusion Limit 

This channel has good sensitivity in a wide mass 
range with expected limits between 2.7 and 9 times the 
SM cross section production rate, given a luminosity 
of 1.04 fb""'^. An exclusion limit with respect to the 
SM production rate is set at the 95% confidence level 
for a Higgs mass of 360 GeV (Figure |4]). 
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Figure 4: Excluded signal cross section with respect to 
the SM rate at the 95% CL for H ^ ZZ ~> Uvu. 



4. Summary 

The search for the Higgs decays: H ZZ^*^ ^■ 
££££, H ^ ZZ ^ ££vv, and H ^ ZZ ^ ££qq has 
been presented using the data accumulated by the AT- 
LAS detector during the 2011 run, which is up to 2.28 
fl3 ~1, depending on the channel. H ZZ'-*^ ££££ 
covers a large Higgs mass range, 100 Gev to 600 GeV 
and the H — > ZZ — )■ ££1/1/ and — )■ ££qq channels com- 
plement H ZZ^*'> — 7> ££££ by improving the sen- 
sitivity in the high mass region above 200 GeV. The 
combined exclusion limit for Higgs masses in these 
three channels (for the given luminosities in each chan- 
nel) is 192 GeV to 196 GeV, 214 GeV to 222 GeV, and 
340 GeV to 460 GeV 0. 
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